In the present work, we describe the synthesis and characterization of styrene-6.7 %-divinylbenzene copolymers functionalized with aminophosphonate groups by "one-pot" reactions. Different aminophosphonate groups were grafted on the copolymer with the aim of obtaining adsorbents for removal of phenolic compounds from aqueous solutions. Adsorption experiments were carried out in batch system. The phenolic compounds studied were phenol and 2,4,6-trimethyl-phenol. The best adsorption capacity was observed in the case of polymeric adsorbents functionalized with aminophosphonate groups in paraposition of the aromatic nucleus for both phenol and 2,4,6-trimethyl-phenol. In comparison, the copolymers with the functional groups in ortho-position and respectively in meta-position were slightly less efficient. The differences in adsorption efficiency may be explained taking into account the structure of the adsorption active centers. The possible explanation is that the active functional groups responsible for the adsorption process, grafted in ortho-or meta-position could be affected by possible steric hindrance effects. The difference between the adsorption capacities of the polymers of the same series, are rather small and depending on the nature of the radical found in the structure of the aminophosphonate: isopropylamine or isobuthylamine.
Introduction
Contamination of the environment with pollutants is a major global problem which human beings face today. Adsorption is one of the most useful technique for wastewater treatment, used in order to reduce the concentration of hazardous organic and inorganic wastes in effluents. Phenol and phenolic derivatives are among
Experimental Reagents
The following reagents were used: N,N-dimethylformamide (Sigma-Aldrich, 99 %), 2-hydroxy-benzaldehyde (Sigma-Aldrich, 98 %), 3-hydroxy-benzaldehyde (Sigma-Aldrich, 98 %), 4-hydroxy-benzaldehyde (Merck, 98 %), isopropylamine (Fluka, 99 %), isobuthylamine (Loba, 99 %), diethylphosphite (Fluka, 99 %), tetrahydrofuran (Fluka, 99 %), 1,2-dichloro-methane (Chimopar, p.a.), ethanol (Chimopar, p.a.), ethyl ether ( Chimopar, p.a.), tetraethylammonium iodide (Merck, 98 %), potassium carbonate (Sigma-Aldrich, 99 %). All reagents were used as received from suppliers, without further purification.
Chloromethylated macroporous styrene-divinylbenzene copolymer was used as starting material for the polymer-analogous reactions and was supplied by Purolite Victoria Romania, (S-6.7 % DVB, %Cl(w) = 14.22, FD = 4.01 mmol Cl/g of copolymer).
Preparation of functionalized copolymers by polymer-analogous reactions

Reaction of chloromethylated S-DVB copolymer with 2-hydroxy-, 3-hydroxy-and respectively 4-hydroxy-benzaldehyde
In order to ensure an enhanced mobility of the active centers, an etheric "spacer-arm" was introduced by reacting the chloromethylated copolymer with hydroxy-benzaldehides.
The functionalization of the S-DVB copolymers with 2-hydroxy-, 3-hydroxy-and respectively 4-hydroxybenzaldehyde was performed by methods previously described [12, 13] .
The mixture of 10 g chloromethylated S-DVB copolymer and 40 mL N,N-dimethylformamide (DMF) was maintained 24 h, at room temperature to allow the copolymer beads to swell. After separation of DMF, the swollen copolymer was treated with (9.8 g, 80 mmol) 2-hydroxy-benzaldehyde, 3-hydroxy-benzaldehyde or 4-hydroxy-benzaldehyde, 0.2 mmol of tetraethylammonium iodide and 100 mL aqueous K 2 CO 3 (30 %, w). The molar ratio of chloromethyl groups: aldehyde was 1 : 2. The mixture was maintained under stirring for 20 h at 95 °C. After cooling of the reaction mixture, the polymer beads were separated by filtration, washed with methanol, distilled water, acetone and finally with diethyl ether and dried under vacuum at 50 °C for 24 h.
Synthesis of the polymeric adsorbents functionalized with aminophosphonate groups
The mixture of 4 g of copolymer functionalized with 2-benzaldehyde groups (P-o-BA, 2.78 mmol -CHO/g of copolymer), 4-benzaldehyde groups (P-p-BA, 2.93 mmol -CHO/g of copolymer) and respectively 3-benzaldehyde groups (P-m-BA, 2.85 mmol -CHO/g of copolymer) and 50 mL tetrahydrofuran (THF) was maintained, under stirring, for 2 h at room temperature to allow the copolymer beads to swell. Then the phosphite and amine were added. The molar ratio of -CHO groups: diethylphosphite: amine (isopropylamine, isobuthylamine) was 1 : 1 : 1. The final reaction mixture was maintained under stirring for 20 h at a temperature of 60 °C. After cooling, the polymer beads were separated by filtration, washed with ethanol (3 × 20 mL), 1,2-dichloromethane (3 × 20 mL) and ethyl ether (3 × 20 mL), and dried at 50 °C for 24 h, under vacuum.
Characterization of the polymeric adsorbents
The obtained polymeric materials were characterized by Fourier transform infrared spectroscopy on a Shimadzu Prestige-21 FT-IR spectrophotometer.
Scanning electron microscopy images (SEM) were obtained on a Philips XL-20 microscope. The phosphorus content of aminophosphonate groups grafted on copolymers was determined by adsorption in water of the P 2 O 5 obtained from a sample of the final product precisely weighted and burnt out in an oxygen atmosphere. The solution obtained was titrated with an aqueous solution of Cerium (III) 0.005 M in the presence of sodium 1-[(1-hydroxynaphthalen-2-yl-hydrazinylidene]-6-nitro-2-naphthol-4-sulfonate (Eriochrome Black T, indicator grade) [14] [15] [16] .
Determination of adsorption capacity
Batch adsorption tests were carried out in Erlenmeyer flasks. To start the experiment, 0.200 g of polymeric adsorbent were introduced into 25 mL of a phenolic compound solution with the concentration of 3.0 mmol/L. The content of the flasks was maintained under mixing using a Julabo SW22 shaker. The solution was tested hourly over a period of 8 h. Every hour an amount of 2 mL of solution was sampled from the flask in order to determine the phenolic compound uptake on the adsorbent. After measurements the probe was returned to the solution.
In all cases, the adsorption equilibrium was reached after 24 h. At the end of the equilibrium period, the content of the bottles was vacuum-filtered and the supernatant was subsequently analyzed by UV spectrophotometry to find the concentration of the remaining phenolic compound. The residual concentrations of phenolic compounds were determined using a Shimadzu UV mini 1240 UV-VIS spectrophotometer, measuring the absorption of phenol solution at a wavelength of 270 nm and 2,4,6-trimethylphenol solution at a wavelength of 267 nm.
Results and discussions
Chloromethylated styrene -6.7 % divinylbenzene copolymer (%Cl(w) = 14.22, FD = 4.01 mmol Cl/g of copolymer) was used as starting material in all synthesis.
In the first step, a copolymer functionalized with aromatic aldehyde pendant groups was obtained by the polymer-analogous reaction presented in Scheme 1.
Admitting the statistical structure of the repetitive unit of the initial chloromethylated copolymer (Fig. 1a ) and respectively the structure of repetitive unit of the copolymer functionalized with pendant benzaldehyde groups (Fig. 1b) .
Based on the initial and respectively residual chlorine content, the functionalization degrees (FD), reaction yields and respectively the fraction of aromatic rings bearing aldehyde functional groups were calculated by methods previously described in more detail [12] .
The main characteristics of the copolymers functionalized with benzaldehyde pendant groups are presented in Table 1 .
In the second step, the polymeric adsorbents were obtained by "one-pot" polymer-analogous reaction presented in Scheme 2.
The phosphorus content in the functionalized copolymers was used in order to determine the functionalization degrees.
The fraction of the repetitive units functionalized with aminophosphonates groups was determined by accepting the statistical structure of the repetitive unit of the initial (Fig. 1b ) and final copolymer ( Fig. 2 ) and the data presented in Table 1 . The main characteristics of the polymeric supports grafted with aminophosphonate pendant groups by "one-pot" polymer-analogous reactions are given in Table 2 . Table 2 : Characteristics of S-DVB copolymers functionalized with aminophosphonate groups.
Adsorbent code
Position of the funct. group R-NH 2 P (%, w) z FD (mmol/g) The FT-IR spectra indicated: -The decrease in the intensity of aromatic aldehyde groups absorption bands at 1700 and 1600 cm −1 corresponding to C=O stretching at the aromatic nucleus confirm that the reaction took place at the level of the aromatic aldehyde groups; -The increase in the intensity of adsorption bands at 1730 and 1640 cm −1 is indicative for N-H valence vibrations; the N-H wagging band was observed at 780 cm −1 and confirm the formation of the substituted amino groups [17] ; -In addition, the increase in the intensity of adsorption bands at 990 cm −1 and 830 cm −1 associated with aliphatic P-O-C stretching and the intense and sharp band at 1280 cm −1 associated with valence stretching vibration of aliphatic P=O confirm the formation of phosphonate groups [17] .
In Fig. 3a , b are shown the SEM micrographs for one of the best performing polymeric adsorbent, P-p-iPr-AFO. The polymer particles have diameters in the range of 500-600 μm. At greater magnification one can see that the surface of the material is rough with many micro-pores and interconnected micro-particles.
Adsorption of phenolic compounds onto polymeric adsorbents
The comparative representation of the adsorption capacity of polymeric adsorbents towards phenolic compounds is presented in Fig. 4 .
It was observed that all the chemically modified polymeric adsorbents are eficient in the adsorption of both phenol and 2,4,6-trimethylphenol.
The adsorption process is rather rapid. In the first 4 h over 80 % of the equilibrium adsorption capacity is achieved. After 8 h the adsorption capacity is over 90 % of the equilibrium value. Indicative data are presented in Figs. 5 and 6.
P-p-iPr-AFO P-p-iPr-AFO a b Fig. 3: (a, b) . SEM images P-p-iPr-AFO, functionalized with isopropylamino-diethyl-phosphonate pendant groups in para-position of the aromatic nucleus). The recovery degree (R, %) and the equilibrium adsorption capacity Q e (mmol of phenolic compound/g of copolymer functionalized with aminophosphonate active centers) were calculated with Eq. (1) and Eq. (2), respectively [7] :
where: V is the volume of solution (L), W is the mass of dry adsorbent (g), C o and C e (mmol/L) denote the initial and equilibrium concentration of phenol and respectively 2,4,6-trimethylphenol in aqueous solution, at equilibrium, after 24 h at 298 K. The recovery degree of phenol and respectively 2,4,6-trimethylphenol from aqueous solutions is presented in Table 3 .
The equilibrium adsorption capacity Q e (mmol/g) of phenolic compounds on the polymeric adsorbents tested are shown in Fig. 7 .
The adsorption capacities of the functionalized polymer matrices are significantly influenced by the nature and structure of the adsorbate, very probable due to solubility and polarity modifications which alter the compatibility with the active centers of the polymeric adsorbent and the intensity of interaction forces between the adsorbate and the adsorbent. The best results were obtained in the case of 2,4,6-trimethylphenol which is less soluble and considerably more hydrophobic in comparison with phenol. All adsorption experiments were conducted at the pH obtained through dissolution of the phenolic derivative in water.
The best performing adsorbent is the copolymer designed with de functional groups in para-position of the aromatic rings. The presence of the etheric "spacer-arm" and the position of substitution are most probably enabling the most favorable environment and configuration of the active centers in order to enhance the interaction forces adsorbate-adsorbent.
The influence of the substituents of the amino groups is rather small. However, a slight enhancement was in general observed in the case of substitution with isobuthyl radicals.
Adsorption isotherms
Langmuir isotherm (3), Freundlich isotherm (4) and Redlich-Peterson isotherm (5) studies were conducted in order to get more information on the type of the adsorption and maximum theoretical adsorption capacity of the studied polymeric adsorbents materials towards phenolic derivatives [18, 19] : Table 3 : Recovery degree (R, %) of phenolic compounds from aqueous solutions by polymers with aminophosphonate groups. 
where: q e is equilibrium adsorption capacity, mmol/g; C e is the the residual concentration of phenol and 2,4,6-trimethylphenol in solution, at equilibrium, mmol/L; K L is the Langmuir equilibrium constant related to the free energy of adsorption;
K F and 1 n are characteristic constants that can be related to the relative adsorption capacity of the adsor bent and the intensity of adsorption, respectively; K RP is the Redlich-Peterson constant α and β are characteristic constants from Redlich-Peterson isotherm related to the type and intensity of adsorption q m is a measure of monolayer adsorption capacity [mmol/g] [18, 19] . An example of linear plots of the studied isotherms is presented in Fig. 8 , for the best performing adsorbate-adsorbent pair.
The Langmuir, Freundlich and Redlich-Peterson constants corresponding to the adsorption models evaluated and the correlation coefficients for the linear plots are presented in Table 4 for the adsorption of phenol and in Table 5 for the adsorption of 2,4,6-trimethylphenol. The data presented clearly confirm that the adsorption-desorption equilibrium process of phenol and 2,4,6-trimethylphenol on the polymeric adsorbents does not follow with sufficient accuracy the Langmuir isotherm model, which presume identical adsorption active centers, with uniform distribution and formation of a monomolecular layer of adsorbate molecules. Such a behavior was anticipated due to the difficulties in controlling the polymer-analogous functionalization reactions.
The best fit of the experimental data was obtained when using the Freudlich isotherm, observation which suggest a certain degree of non-homogenity of the adsorption surface and distribution of the aminophosphonate active centers at the surface and inside the pores of the polymer adsorbent. The values of 1/n < 1 support the conclusion that most probably de adsorption of the phenolic adsorbates is a mixed, physico-chemical adsorption. The values of the n parameter (n > 1) clearly indicate a favorable equilibrium adsorption process for all the studied adsorbate-adsorbent pairs.
A very good accuracy was also obtained in the case of Redlich-Peterson adsorption isotherm which can be applied on a large range of adsorbate concentrations, both in homogeneous and non-homogeneous systems. The Redlich-Peterson isotherm reduces to Freundlich isotherm at rather high adsorbate concentrations and to Langmuir isotherm at lower concentrations. The β values from the Redlich-Peterson isotherm, ranging from 0.6 to 0.9 clearly indicate that the adsorption process does not obey the Langmuir ideal model of adsorption, the adsorption mechanism being most likely hybrid.
In all the studied adsorption isotherms the values proportional with the adsorption capacity (K L , K F and respectively β) decrease when increasing the temperature, indicating that the adsorption equilibrium is exothermic. 
Conclusions
Six polymeric adsorbents functionalized with isopropylamino-or isobuthylamino-diethylphosphonate pendant groups were prepared and characterized. The functional groups were introduced by inserting an etheric "spacer-arm" in order to achieve a better mobility of the adsorption active center.
The performance of the polymeric adsorbents in the removal of phenol and respectively 2,4,6-trimethylphenol from aqueous solutions was evaluated and discussed in terms of the nature and structure of the adsorbate-adsorbent pair.
The best adsorption capacity was observed when the active groups were introduced in the para-position of the aromatic rings and in the case of the 2,4,6-trimethylphenol substrate which is less soluble and considerably more hydrophobic in comparison with phenol. The best recovery degree for both PH and TMP for the best performing polymeric adsorbent was ranging between 67 and 72 %.
The study of the adsorption isotherms indicated that the adsorption mechanism is most likely hybrid.
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